ABSTRACT Background: Flavonoids are plant-based phytochemicals with cardiovascular protective properties. Few studies have comprehensively examined flavonoid classes in relation to cardiovascular disease mortality. Objective: We examined the association between flavonoid intake and cardiovascular disease (CVD) mortality among participants in a large, prospective US cohort. Design: In 1999, a total of 38,180 men and 60,289 women in the Cancer Prevention Study II Nutrition Cohort with a mean age of 70 and 69 y, respectively, completed questionnaires on medical history and lifestyle behaviors, including a 152-item food-frequency questionnaire. Cox proportional hazards modeling was used to calculate multivariate-adjusted hazard RRs and 95% CIs for associations between total flavonoids, 7 flavonoid classes, and CVD mortality. Results: During 7 y of follow-up, 1589 CVD deaths in men and 1182 CVD deaths in women occurred. Men and women with total flavonoid intakes in the top (compared with the bottom) quintile had a lower risk of fatal CVD (RR: 0.82; 95% CI: 0.73, 0.92; P-trend = 0.01). Five flavonoid classes-anthocyanidins, flavan-3-ols, flavones, flavonols, and proanthocyanidins-were individually associated with lower risk of fatal CVD (all P-trend , 0.05). In men, total flavonoid intakes were more strongly associated with stroke mortality (RR: 0.63; 95% CI: 0.44, 0.89; P-trend = 0.04) than with ischemic heart disease (RR: 0.90; 95% CI: 0.72, 1.13). Many associations appeared to be nonlinear, with lower risk at intakes above the referent category. Conclusions: Flavonoid consumption was associated with lower risk of death from CVD. Most inverse associations appeared with intermediate intakes, suggesting that even relatively small amounts of flavonoid-rich foods may be beneficial.
INTRODUCTION

CVD
5 remains the leading cause of death for adults over the age of 65 y, despite declining rates over the past 2 decades (1). Medical and pharmacologic interventions can reduce cardiovascular mortality among individuals at risk, but they are costly and sometimes have adverse side effects (2, 3) . Consumption of plant foods is also associated with lower risk of CVD (4) and hypertension (5, 6) . These associations are ascribed, at least in part, to their fiber, potassium, and magnesium content. However, other constituents, such as flavonoids, may be responsible for some of the protective associations that link plant foods to CVD prevention. Flavonoids, found primarily in fruit, vegetables, nuts, cocoa, and beverages such as tea and wine, are bioactive polyphenolic, noncaloric, nonnutrient secondary metabolites in plants that cannot be synthesized by humans. Many have potent antioxidant or antiinflammatory activity, reduce LDL cholesterol oxidation, and regulate endothelial nitric oxide synthesis; some also have weak estrogenic activity (7) .
Asian populations consume large amounts of soy foods that contain relatively high amounts of isoflavonoids, a class of flavonoids associated with lower CVD risk in ecologic (8) and prospective cohort (9) studies, particularly in women. In Western populations, however, isoflavonoid consumption is relatively low, and other classes of flavonoids are eaten in much larger quantities. Most prospective epidemiologic studies of flavonoids and CVD risk have examined only 1 or 2 classes of flavonoid compounds (10, 11) . They provide some support for flavonol, flavone, and flavan-3-ol (catechin) consumption in lowering CVD risk, although the results have been mixed (10, 12) . Many studies included <200 cases (10, 12) . Comprehensive epidemiologic investigation of other classes of flavonoids, including anthocyanidins, flavanones, isoflavones, and proanthocyanidins, in relation to CVD risk in Western populations has been limited (13) (14) (15) . In the past decade, new flavonoid composition databases (16) (17) (18) have enabled more in-depth evaluation of the role of these dietary constituents in chronic disease prevention.
Given the limited evidence relating flavonoid intake to CVD risk in Western populations, we examined the relation between total flavonoids and 7 flavonoid classes and fatal CVD, IHD, and stroke in the American Cancer Society's CPS-II Nutrition Cohort, a large US prospective study in adult men and women.
SUBJECTS AND METHODS
Study population
Participants in this analysis were drawn from the 86,404 men and 97,786 women enrolled in the CPS II Nutrition Cohort, a subset of the 1.2 million US adults in the larger CPS-II study established in 1982 who reside in 21 states (19) . In 1992-1993, CPS-II Nutrition Cohort participants completed a mailed 10-page confidential, self-administered questionnaire that included information on demographic, medical, lifestyle, anthropometric, and dietary factors, with follow-up questionnaires sent out to cohort participants in 1997 and biennially thereafter to update outcome and exposure information. The response rate for each of the follow-up questionnaires was 89%. The Emory University School of Medicine Institutional Review Board (Atlanta, GA) approved all aspects of the CPS-II Nutrition Cohort study.
Dietary assessment
At baseline (1992) (1993) participants in the cohort completed a semiquantitative 68-item modified Block FFQ (19) . Dietary information was updated in 1999 by using a modified, semiquantitative 152-item Willett FFQ, which was shown to be valid and reliable in similar US populations (20, 21) . For this analysis, we set the baseline at 1999 because flavonoid-containing foods were more broadly represented on the 152-item FFQ. For each item on the FFQ, a common food or beverage serving size was specified (eg, 0.5 cup blueberries or 1 cup soy milk), and participants were asked how often, on average, they had consumed this amount over the previous year. The 9 possible frequency responses ranged from "never or less than once per month" to "6 or more times per day," depending on the item.
Flavonoid values were derived from 3 USDA databases on flavonoids (16) , proanthocyanidins (17) , and isoflavones (18) and other research publications (22) (23) (24) , as described previously (25) . For mixed dishes (eg, pizza, coleslaw), we assigned weighted content values based on recipes from standard cookbooks. When data for cooked foods were unavailable, raw data were used. Data for some items on the FFQ were not available for all flavonoid classes (eg, anthocyanidins for strawberry jam). No data were available for cereals or bread and starch items because flavonoids have been removed in processing. Analytic data were also unavailable for brown rice, oat bran, other bran, wheat germ, liquor, popcorn, and olive oil, but most of these items were infrequently consumed in this cohort. To obtain the daily estimated flavonoid nutrient intake values, we multiplied the reported frequency of standard portion sizes by the flavonoid compound content of each food (per 100 g) and summed flavonoid intakes across all foods and beverages. All flavonoid subgroups that were estimated, their respective compounds, and some major food sources on our questionnaire are listed in Table 1 .
Analytic cohort
We excluded from this analysis participants who reported a history of myocardial infarction (n = 9379), angina pectoris (n = 4491), coronary bypass or angioplasty (n = 3858), stroke (n = 2040), transient ischemic attack (n = 2259), carotid surgery (n = 427), or diabetes (n = 7653) at baseline in 1999 because these individuals are at greater risk of CVD, IHD, or stroke mortality and might have changed their diets in response to diagnosis. We also excluded an individual who died before the date of baseline survey return (eg, sent in by proxy; n = 1). Because few women were premenopausal (and thus could not be evaluated separately), we excluded women who were pre-or perimenopausal at baseline or with unknown menopausal status (n = 192). We also excluded men and women who in 1999 reported extreme energy intakes (,800 or .4200 kcal/d for men and ,600 or .3500 kcal/d for women) or excessive missing values (.70 blanks) (n = 22,033). We also excluded the top 0.1% of reported individual flavonoid class intakes to remove possible erroneous values (n = 547). A total of 98,469 participants (38,180 men and 60,289 women) remained for analysis. A total of 2771 deaths due to CVD occurred during follow-up (1589 men and 1182 women), with 1286 deaths due to IHD (803 men and 483 women) and 573 deaths due to stroke (281 men and 292 women).
Outcome ascertainment
The vital status of study participants was determined through 31 December 2006, and deaths were ascertained through automated linkage with the National Death Index (26) . The underlying causes of death were coded according to the ICD-9 and ICD-10 (27, 28) . Total CVD deaths were defined as ICD-9 codes 390-459 and ICD-10 codes I20-I99, CHD deaths as ICD-9 codes 410-414 (ischemic heart disease) and 492.2 (atherosclerotic heart disease) and ICD-10 codes I20-I25, and stroke as ICD-9 codes 430-438 (ischemic and hemorrhagic cerebrovascular disease) and ICD-10 codes I60--I69 (cerebrovascular diseases). The follow-up time was calculated from the date of return of the baseline questionnaire in 1999 to the date of death, loss to followup, or 31 December 2006, whichever came first.
Statistical analysis
We used Cox proportional hazards modeling to calculate the hazard rate ratios and 95% CIs for CVD mortality associated with quintile categories of total flavonoids, anthocyanidins, flavan-3-ols, flavanones, flavones, flavonols, isoflavones, and proanthocyanidins, each adjusted for energy by using the residual method (29) . IHD and stroke mortality were also examined as separate endpoints. We grouped flavonoids into quartile categories when examining stroke endpoints because of smaller numbers. , recreational physical activity in quartiles (metabolic equivalent-hours/wk), smoking status (never, current, former, unknown, or invalid smoking status), quintiles of total energy intake (kcal/d), and aspirin use (pills/ mo: none, 1-14, 15-29, 30-59, or 60) for both men and women. The multivariate models for women (all were postmenopausal) also included HRT, which included both estrogenonly and combined replacement therapies (never, current, past, or other HRT/unknown/missing type and unknown use). To control for alcohol, we included terms for beer intake (drinks/d: never, .0-,0.14, 0.14) and liquor intake (drinks/d: never, .0 to ,1.0, 1.0), but not wine to avoid overcontrolling for sources of certain flavonoids. However, when we controlled for total ethanol (g) instead, results were not materially different. History of hypertension, history of high cholesterol, aspirin use, and HRT were modeled as time-varying covariates by using information obtained in 1999, 2001, and 2003. Other variables considered for the analysis but not included in the final model because they had negligible effects on our results included education, race, multivitamin use, and vitamin C and E use.
To test for linear trend, we used the median value for each quintile category and modeled this as a continuous variable. We also examined the possibly nonlinear relation between intake of individual flavonoid classes and total flavonoids (modeled as continuous variables) and death from CVD, IHD, or stroke nonparametrically with restricted cubic splines (30) . Tests for nonlinearity used the likelihood ratio test to compare the model with only the linear term to the model that includes both the linear and the cubic spline terms.
We tested for effect modification by smoking status (ever or never smoker), multivitamin use [never use, occasional use (,6 pills/wk), regular use (6 pills/wk)], physical activity (bottom 2 compared with top 2 quartiles of metabolic equivalent-hours/ wk), and age (.70 and 70 y) and sex. Interaction terms were created between follow-up time and quintiles of total and individual flavonoid subclasses to test for violations of the Cox proportional hazards assumption. Statistical interaction and the Cox proportional hazards assumption were assessed by using the likelihood ratio test (31) . Results from 2-sided chi-square tests were considered significant at P 0.05. All analyses were conducted by using SAS version 9.2 (SAS Institute).
RESULTS
Energy-adjusted mean and median total flavonoid intakes for men were 268 and 203 mg/d, respectively (10th-90th percentile distribution: 99-498 mg/d), and for women were 268 and 201 mg/ d, respectively (10th-90th percentile distribution: 92-522 mg/d); quintile cutoffs were therefore defined from intake distributions in men and women combined. Pearson correlations between flavonoids ranged from weak (r = 0.03 for isoflavones and flavanones) to high (r = 0.99 for proanthocyanidins and total flavonoids). Baseline characteristics according to quintile categories of total flavonoid consumption in 1999 are presented in Table 2 . Individuals of both sexes with higher total flavonoid intakes were more educated, less likely to have a history of hypertension but more likely to have a history of high cholesterol, exercised more, had a slightly lower BMI, and were less likely to smoke. As expected, participants with higher total flavonoid intakes consumed more fruit and vegetables as well as less trans and saturated fats. They were also more likely to be regular users of vitamin supplements.
The associations between total flavonoids, flavonoid classes, and CVD mortality are shown in men, women, and both combined in Table 3 . Men and women with total flavonoid intakes in the highest (compared with lowest) quintile had an 18% lower risk of fatal CVD (RR: 0.82; 95% CI: 0.73, 0.92; P-trend = 0.01). Inverse associations were observed for anthocyanidins, flavan-3-ols, flavones, flavonols, and proanthocyanidins (P-trend , 0.05 for all). We observed no significant heterogeneity in results by sex. In results examined separately in men and women, age-adjusted associations for most flavonoid classes were significantly inversely related to CVD risk. Relations were attenuated after control for confounders, more so in men, although men in the top (compared with bottom) quintile of total flavonoids remained at lower risk of fatal CVD (RR: 0.83; 95% CI: 0.71, 0.98; P-trend = NS). Cigarette smoking and physical activity were the strongest confounders in both men and women. In women, flavone consumption was associated with the greatest reduction in CVD risk (RR: 0.74; 95% CI: 0.61, 0.90 for quintile 5 compared with quintile 1; P-trend = 0.001). Because isoflavone intake in the cohort was low, we also examined the association with isoflavones comparing quintile 5 to a reference of quintiles 1-4 combined, and results were similarly null (data not shown).
The associations between flavonoid intakes and death due to IHD and stroke are provided in Supplemental Tables 1 and 2 Many relations appeared to be nonlinear, with risk reduction emerging at the second quintile. Indeed, several associations were statistically nonlinear by the spline test (30) , and the test of significance for the spline curve (compared with a model with no main exposure variable) indicated significant P values for most flavonoids (P , 0.01). Spline curves for the multivariate model of CVD risk associated with flavonoid consumption among men and women combined are shown in Figure 1 . These findings reinforce the interpretation of Table 3 and Supplemental Tables  1 and 2 , which suggest possible threshold associations.
No effect modification by smoking or multivitamin use was observed for total flavonoids or flavonoid class in either sex or both sexes combined. For total flavonoids and proanthocyanidin intakes in the third compared with bottom tertile, older men (age .70 y) had a lower risk of fatal CVD compared with men aged 70 y, but all CIs included 1.0 (P-interaction = 0.03 and 0.05, respectively; data not shown).
DISCUSSION
In this large prospective cohort of US men and women, a greater intake of total flavonoids, and of most flavonoid classes, was associated with a lower risk of fatal CVD in men and women after several important CVD risk factors were controlled for. In women, the strongest inverse association was observed with flavones, particularly for fatal IHD. In men, total flavonoid intake was associated with lower risk of fatal stroke. Associations were somewhat attenuated with adjustment for smoking and physical activity, suggesting possible confounding by associated lifestyle factors. Many of the associations we observed were nonlinear, with low risks seen at even modest intakes. This suggests that consumption of even relatively small amounts of flavonoid-rich foods may be beneficial for reducing risk of fatal CVD.
Most of the prior epidemiologic literature on flavonoids and CVD risk has focused on flavones, flavonols, and flavan-3-ols (catechins) (10, 12) . Earlier studies combined flavones with flavonols in analyses (11, (32) (33) (34) (35) (36) (37) (38) (39) (40) , and some (32-36, 40) reported significant inverse associations with CVD risk. The current study contributes to the body of evidence for a role of flavonols and especially flavones in lowering the risk of fatal CVD. Flavan-3-ols were associated with lower CVD risk in the current study, in agreement with some (41, 42), but not all (13, 14, 43) , prospective cohorts. In addition, we found that the less-studied anthocyanidins and proanthocyanidins were associated with lower CVD risk. Isoflavones were not related to fatal CVD in the present study or in other studies in US (14) and European women (44) . Consumption of soy products, however, are~10-fold lower in Western populations than in Asian populations, in whom some protection against cerebral and myocardial infarctions was observed (9). There was no heterogeneity in RRs by sex, tested by using likelihood ratio tests of models with and without an interaction term of flavonoid (quintiles) and sex. Age-adjusted models for men and women combined were additionally adjusted for sex.
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Multivariate model was adjusted for age, smoking, beer and liquor intake, history of hypertension, history of cholesterol, family history of myocardial infarction, BMI, physical activity, energy intake, aspirin use, hormone replacement therapy (in women only), and sex (in combined model only) by using Cox proportional hazards regression. Test for trend by using median values for each quintile and modeling as a continuous variable.
FIGURE 1.
Cubic spline curves for the association between flavonoid intake (mg) and cardiovascular disease mortality among men and women. All associations (except isoflavones) were nonlinear (P 0.01) and significant at P , 0.01 using the likelihood ratio test. Isoflavone graph not included due to low intake estimates.
Over the past decade, accumulation of analytic data on flavonoids and the expansion of flavonoid composition databases has facilitated the comprehensive study of several flavonoid classes in relation to health and disease (16, 45) . This evolution complicates comparison of intakes and risk estimates among studies, however, because "total flavonoids" will vary depending on the number of compounds quantified, and data sources used. Use of different dietary assessment tools will also contribute to variation across studies. We used an FFQ designed to estimate usual intake of major nutrient sources in the United States with a defined food list, and derived flavonoid values primarily from USDA sources, as did 2 other US studies (14, 15) . Pérez-Jimenez (46) analyzed multiple 24-h dietary records from 4952 French adults by using an online polyphenol database and reported higher daily estimates of flavonols, flavones, flavan-3-ols, and anthocyanidins than the US cohorts (14, 15) . The polyphenol database includes some additional compounds not included in USDA databases. Flavonoid estimates will also differ because of true differences in dietary habits across populations. Despite these sources of variation, rank ordering of exposure allows the comparison of risk by high compared with low intake amounts within a study population.
Our methods are most comparable to those of Mink et al (14) , who examined associations between 7 flavonoid classes and CVD, IHD, and stroke mortality in a cohort of white postmenopausal women by using a similar FFQ. Total flavonoids were not significantly related to lower CVD mortality after multivariate adjustment, but anthocyanidin and flavanone intakes were associated with both fatal CVD and IHD (14) . In the current study, both classes were inversely associated with fatal CVD and IHD in women (associations were inverse, but weaker in men), but CIs for IHD included 1.0. Flavones were not associated with risk in the Iowa study, in contrast to the strong risk reduction we observed among women in the CPS-II Nutrition Cohort. Our flavone and anthocyanidin estimates were higher, and flavanone estimates lower, than in the Mink study (14) which used the earlier 2003 USDA flavonoid database.
The reproducibility and validity of the questionnaire used in the current study was tested in similar populations of mostly educated, white US adults (20, 21, 47) . In particular, the FFQ was validated by using serum measures of carotenoids (47) , which are found in similar foods as flavonoids; therefore, we expect that the validity and reproducibility are reasonable for flavonoids. Flavonoid content of plants varies depending on the growing conditions, storage, and cooking methods. Interindividual differences in absorption and microbial transformation in the gut, as well as general nutritional composition of the meal, contribute to variability in metabolism and internal exposure to relevant flavonoid metabolites (48) . Given these sources of variability in intake and absorption, validation using biomarkers would be ideal (49) . Few large epidemiologic studies, however, collected repeated urine samples, which may be needed to estimate usual intake.
The mechanism for a cardioprotective role of flavonoids likely involves more than one pathway, including antioxidant and antiinflammatory functions (7) and vascular effects (50) . Using flavan-3-ol compounds as an example, observational data from indigenous populations (51) and other mechanistic studies in humans (50, 52) suggest a protective role for flavan-3-ols in blood pressure regulation. Cocoa induces nitric oxide synthase, which is important in the vasodilator response (50) . Meta-analyses of randomized controlled trial data showed that consumption of flavonoid-rich foods (eg, green tea, soy protein isolates, and cocoa or chocolate) was associated with increased flow-mediated dilatation, reduced LDL cholesterol, and reduced blood pressure (53) .
Several limitations of our study deserve mention. Flavonoid intake may be misclassified, and risk estimates attenuated. By their very nature, FFQs cannot capture all potential sources of flavonoids. For example, dark chocolate and herbs such as peppermint and parsley were not included on the current questionnaire, but consumption is assumed to have been relatively low in the United States at the time of this survey. We believe that the majority of important flavonoid sources in the US diet were captured because total estimates (mean: 268 mg/d; median: 202 mg/d) were intermediate between estimates derived from the 2003 USDA database [for 6 (54, 55) or 7 (14) flavonoid classes] and from the 2007 USDA database (in health professionals) (15) . Due to multiple associations examined, some of our significant findings would be expected by chance. We regard these findings as suggestions for hypothesis generation and further testing, and not as evidence of cause-and-effect. We were unable to investigate the relation between diet and incident, nonfatal CVD. Fatal CVD contains a higher proportion of sudden death, for which the etiologic factors are not completely clear, but dietary factors have been implicated (56) (57) (58) .
Strengths of this study include the prospective design and large sample size, the inclusion of both men and women, and the use of a well-validated dietary assessment instrument that contained important common sources of several major flavonoids in the United States. We also had detailed information on important risk factors and confounders for CVD that were absent from some of the earlier studies.
In conclusion, our findings indicate that total flavonoids and several classes, especially flavones, are associated with lower risks of fatal CVD. Relatively little is known about the long-term biological effects of these compounds in humans. The finding that benefits of flavonoid consumption were realized at relatively low intake thresholds deserves further examination. If these findings are replicated, recommendations for food sources rich in specific flavonoids should be considered for CVD risk reduction.
